Ras has a central role in cell growth, differentiation and apoptosis and is a member of a large superfamily of guanine nucleotide-binding proteins whose activity is regulated by cycling between inactive, GDPbound and active, GTP-bound states 1 . Conformational changes associated with the GDP-and GTP-bound states are localized primarily to two regions-switch I (residues 30-37) and switch II (60-76)-and these conformational changes direct specific interactions with regulators and effectors 2,3 . Ras effectors recognize the GTP-bound state of Ras with higher affinity than the GDP-bound state, and these effectors serve to initiate downstream signaling events. Ras has weak intrinsic GTPase activity, but it does not act alone 4 . The guanine nucleotide-bound state of Ras is regulated by two distinct types of protein modulator, which act in opposition to one another. Guanine nucleotide exchange factors (GEFs) facilitate exchange of GDP with GTP to promote Ras activation 5 , whereas GTPase-activating proteins (GAPs) stimulate the hydrolysis of GTP and Ras deactivation 6 . Ras is the most prevalent oncogene found in human cancer; about 30% of human tumors contain an activating Ras mutation 7, 8 . Most commonly, transforming Ras mutations decrease the sensitivity of the protein to GAP-mediated regulation 9 .
a r t i c l e s
Ras has a central role in cell growth, differentiation and apoptosis and is a member of a large superfamily of guanine nucleotide-binding proteins whose activity is regulated by cycling between inactive, GDPbound and active, GTP-bound states 1 . Conformational changes associated with the GDP-and GTP-bound states are localized primarily to two regions-switch I (residues 30-37) and switch II (60-76)-and these conformational changes direct specific interactions with regulators and effectors 2, 3 . Ras effectors recognize the GTP-bound state of Ras with higher affinity than the GDP-bound state, and these effectors serve to initiate downstream signaling events. Ras has weak intrinsic GTPase activity, but it does not act alone 4 . The guanine nucleotide-bound state of Ras is regulated by two distinct types of protein modulator, which act in opposition to one another. Guanine nucleotide exchange factors (GEFs) facilitate exchange of GDP with GTP to promote Ras activation 5 , whereas GTPase-activating proteins (GAPs) stimulate the hydrolysis of GTP and Ras deactivation 6 . Ras is the most prevalent oncogene found in human cancer; about 30% of human tumors contain an activating Ras mutation 7, 8 . Most commonly, transforming Ras mutations decrease the sensitivity of the protein to GAP-mediated regulation 9 .
Although the roles of GEFs and GAPs have been extensively characterized, it is less clear how some post-translational modifications, such as monoubiquitination, contribute to Ras function and signaling. Monoubiquitination is a dynamic and reversible modification that can orchestrate cellular events including DNA repair, gene expression, endocytosis and nuclear export 10 . Emerging evidence suggests that monoubiquitination regulates large and small GTPases, including Ras [11] [12] [13] [14] . Monoubiquitination of K-Ras at position 147 has been shown to promote tumorigenesis; the K147L substitution in oncogenic K-Ras (Ras K147L ), which prevents monoubiquitination, impairs its ability to promote tumor growth when ectopically expressed in NIH 3T3 mouse fibroblasts 15 . These findings suggest that monoubiquitination modulates Ras activity and signaling similarly to oncogenic mutation or receptor stimulus. Still unresolved is the mechanism by which monoubiquitination leads to activation of Ras.
Here, we set out to identify the molecular mechanism through which Ras activity is regulated by monoubiquitination. We show that monoubiquitination at position 147 does not alter the intrinsic biochemical properties of Ras but severely disrupts regulation of Ras by GAPs. This effect is specific to monoubiquitination at position 147 and is not observed when Ras is monoubiquitinated at adjacent lysines. The loss of GAP-mediated hydrolysis accounts for the accumulation of GTP-bound Ras in vivo. Thus, as with oncogenic mutations of Ras, monoubiquitination renders the protein resistant to GAP-mediated regulation.
RESULTS

Monoubiquitination of Ras
We conducted a series of in vitro studies to elucidate the mechanism of Ras regulation by monoubiquitination. These studies required fully ubiquitinated Ras that was modified at Lys147 exclusively and in quantities sufficient for detailed biochemical and biophysical analysis.
a r t i c l e s
Recent investigations of monoubiquitinated substrates and ubiquitinating enzymes have employed multiple methods of direct chemical ligation to generate the protein-ubiquitin linkage [16] [17] [18] [19] [20] [21] . In our approach, we replaced the native ubiquitin linkage with a disulfide bond between a substituted cysteine at position 147 of Ras (Ras K147C ) and a cysteine at the C terminus of ubiquitin (ubiquitin G76C ). We replaced a surface-accessible cysteine (Cys118) in Ras with serine (Ras C118S , hereafter 'Ras') to avoid unwanted modification. We previously showed that the C118S substitution does not alter Ras structure or biochemical properties 22 . The chemical ligation method does not require complicated intermediate chemical or enzymatic steps but instead provides a simple, specific approach to ubiquitination. The disulfide ligation strategy, in which a more complicated cysteamine intermediate is used, was validated in previous studies of proliferating cell nuclear antigen (PCNA). These studies showed that chemically and enzymatically monoubiquitinated PCNA have identical catalytic properties 17 . We observed complete ubiquitin modification of Ras at position 147 in the presence of a ten-fold excess of ubiquitin G76C at pH 8.0 (Fig. 1a) . We conducted our experiments using H-Ras , for which the biochemical and structural (NMR and X-ray) properties are well established, but corroborated the results using K-Ras 1-166 as indicated. All three mammalian isoforms of Ras (H-, K-and N-Ras) show similar biochemical properties in the absence of the hypervariable C terminus 23, 24 . Furthermore, we used immunoprecipitation assays to show that, in the absence of C-terminal modification, monoubiquitination still leads to an increase in the GTP-bound population of H-Ras or K-Ras in HEK293T human embryonic kidney cells (Supplementary Fig. 1 ).
Downstream effectors of Ras, such as Raf, have a ubiquitin-like fold 25 . Thus, we considered whether ubiquitin could bind to Ras in the manner of an effector. To this end, we used NMR in the presence of free unlabeled ubiquitin to determine whether ubiquitin altered spectral features associated with Ras backbone amides. A 1 H-15 N two-dimensional (2D) HSQC overlay of 15 N-enriched H-Ras K147C in the absence and presence of ubiquitin is shown in Figure 1b . The assignments for H-Ras 1-166 were previously determined 26 , and we verified the shifted backbone amide resonances of H-Ras K147 using 3D HNCACB data (Supplementary Fig. 2) . Comparison of the position and intensity of the backbone amide resonances indicates that Ras is not altered by the presence of free ubiquitin. In support of these observations, we found that the intrinsic rates of GDP dissociation and GTP hydrolysis were unaffected by the presence of ubiquitin or ubiquitin dimers in solution (Fig. 2a,b and Supplementary Fig. 3 ). These results indicate that Ras does not specifically interact with ubiquitin; therefore, for subsequent analyses, we did not separate monoubiquitinated Ras (mUbRas) from free ubiquitin.
mUbRas retains intrinsic GTPase activity
Previous computational studies have predicted that the stability of a ubiquitinated substrate depends on the site of ubiquitination and type of ubiquitin-ubiquitin linkage 27 . To determine whether monoubiquitination alters Ras, we compared the thermal stability of unmodified Ras and mUbRas. To this end, we employed the quantitative cysteine reactivity (fQCR) assay 28 , which uses a cysteine-reactive dye to measure rates of protein unfolding as a function of temperature. Because ubiquitin does not have any native cysteines, it is not detectable by this method. We found that monoubiquitination decreases the thermal stability of Ras by 3.5 °C (the thermal stability for Ras, Ras K147A and mUbRas was measured as 43.1 ± 0.2 °C (s.d.), 39.2 ± 0.3 °C and 39.6 ± 0.2 °C, respectively) (Fig. 2c) , a change that is not likely to have a substantial effect on this otherwise highly stable protein in vivo. These data suggest that, despite the size of ubiquitin, monoubiquitination at position 147 does not lead to thermal destabilization of Ras.
Even though monoubiquitination of Ras does not substantially affect thermal stability, it could alter intrinsic activity. For example, it is possible that ubiquitination impairs guanine nucleotide binding, similar to mutations at the adjacent Ala146 (refs. 29,30) . To measure rates of nucleotide dissociation, we equilibrated Ras and mUbRas with GDP ligated to the fluorescent analog N-methylanthraniloyl (MANT-GDP) and measured fluorescence over time in the presence of excess unlabeled GDP. We observed a slight increase (two-to three-fold) in the intrinsic rate of nucleotide dissociation for Ras K147C as compared with native Ras, whereas the rate for mUbRas was unaltered (Fig. 2a) . This result suggests that ubiquitination of Ras does not have the same impact on nucleotide binding as a point mutation at the same residue.
We next sought to establish whether monoubiquitination alters the intrinsic rate of GTP hydrolysis. To this end we measured singleturnover GTP hydrolysis using Flippi, a fluorescent sensor that detects free phosphate 31 . Neither mutation of Lys147 nor monoubiquitination of Ras affected the intrinsic rate of GTP hydrolysis (calculated as 0.012 ± 0.002 (s.d.) min −1 for all variants) ( Fig. 2b and Supplementary Fig. 4 ). Taken together, these results indicate that monoubiquitination does not alter the activity of Ras, and that another mechanism must account for the accumulation of mUbRas in the GTP-bound state in vivo.
Chemical ubiquitination mimics native ubiquitination
We found that monoubiquitination does not alter the intrinsic biochemical activity of Ras, even though mUbRas accumulates in the GTP-bound state in vivo. Previous studies have shown that chemically ubiquitinated PCNA functions similarly to the enzymatically npg a r t i c l e s ubiquitinated protein 17 . To further establish that chemical ubiquitination of Ras is a good mimic of native ubiquitination, we built computational models of ubiquitin ligated to Ras. To create the model, we used a recently developed module of the Rosetta protein-modeling software suite 32, 33 that samples the conformational space available to ligated proteins. We modified Rosetta to consider disulfide and native isopeptide ubiquitination linkages and generated model structures of mUbRas using both linkages. We generated these models without the use of experimentally derived constraints.
Shown in Figure 3a ,b are the ten lowest-scoring structures of each type of linkage, sorted by Rosetta total score from populations of approximately 2,000 models. When we compared these models, we found that the two systems behave similarly; ubiquitin samples a wide range of conformations when ligated to Ras, and all ubiquitin positions are allowed at low energy scores (Fig. 3c,d ). This result suggests that chemical ubiquitination is a good surrogate for native ubiquitination of Ras. The data also suggest that ubiquitin does not bind with high affinity to any single site on Ras, which is consistent with our findings that ubiquitin does not specifically interact with Ras when the two proteins are free in solution.
Monoubiquitination affects the switch regions of Ras
Our results from computational modeling suggested that there is no single preferred interaction between ubiquitin and Ras. To test this prediction experimentally, we used NMR to examine spectral differences between ubiquitin and Ras upon monoubiquitination. First, we 15 N-enriched ubiquitin G76C and examined the 1 H-15 N 2D HSQC spectrum of ubiquitin when ligated to Ras K147C . We observed partial to complete resonance broadening of 11 backbone amides but no substantial chemical shifts within ubiquitin (Fig. 4a) . When these spectral changes are mapped onto the structure of ubiquitin (Fig. 4b) , it is evident that one face of ubiquitin is primarily altered upon ligation with Ras. A possible explanation for the inability to detect a subset of ubiquitin amide resonances is that Ras ligation restricts conformational sampling, leading to exchange broadening.
We next reversed our labeling scheme by 15 N-enriching Ras before ligation with ubiquitin and collected a 1 H-15 N 2D HSQC spectrum. We found that a number of NH peaks broaden in mUbRas relative to the unmodified protein (Fig. 4c) . Eighty-four of the 137 detectable backbone amide resonances dispersed across mUbRas showed multiple populations rather than a single, Lorentzian-shaped peak (Supplementary Fig. 5 ). The multiple populations indicate that ubiquitin adopts more than one position relative to Ras on a timescale detectable by NMR. We also observed a substantial number of residues that broadened and, in some cases, could no longer be detected in mUbRas (Fig. 4c) . The broadened peaks primarily localize to the switch regions (Fig. 4d) . In the NMR spectra of GTP-bound Ras, backbone amides associated with residues in switch I and switch II are not detectable because they are in intermediate exchange on the NMR timescale 34 . The observed broadening in the GDP-bound state of mUbRas suggests a change in backbone dynamics that is possibly due to conformational exchange or dynamic sampling of the switch regions. Given that Ras regulators and effectors interact through the switch regions, monoubiquitination could alter the population of active Ras by changing how mUbRas interacts with regulators.
Monoubiquitination of Ras inhibits GAP-mediated hydrolysis
Within cells, the nucleotide-bound state of Ras is regulated both by GEFs, which increase the rate of GDP dissociation, and by GAPs, which enhance the rate of GTP hydrolysis. Our NMR data suggest that monoubiquitination affects the switch regions of Ras, which in 
interactions with GEFs and GAPs. Thus the increased GTP-bound population of mUbRas in vivo could be caused by either increased sensitivity to GEFs or decreased sensitivity to GAPs.
We first determined whether the rate of GEF-mediated GDP dissociation is altered when Ras is monoubiquitinated. For these experiments, we equilibrated Ras K147C , mUbRas and Ras with MANT-GDP and measured the rate of GDP dissociation in the presence of a catalytic fragment (Sos cat ) of the Ras GEF Sos 35 . Whereas the rate of GEFmediated GDP dissociation was faster for Ras K147C than for Ras, the percentage increase compared with the intrinsic rate of dissociation was the same, indicating that mutation at position 147 does not change the overall sensitivity of Ras to GEF-mediated regulation. However, we observed a decrease in the rate of GEF-mediated nucleotide dissociation for mUbRas compared with unmodified Ras (Fig. 5a) .
We next considered the effect of Ras monoubiquitination on GAPmediated hydrolysis. To this end, we compared the rate of GTP hydrolysis for Ras and mUbRas in the presence of the catalytic domains of the GAPs NF1 (NF1 333 ) and p120GAP (GAP-334) 4, 36 . Using a GAP-to-Ras ratio of 1:500, we observed an order-of-magnitude increase in the rate of GTP hydrolysis for unmodified Ras relative to the intrinsic rate of GTP hydrolysis. We observed no increase in the rate of GTP hydrolysis for mUbRas in the presence of the same GAP-toRas ratio (Fig. 5b) ; therefore, mUbRas is insensitive to GAP-mediated regulation, similar to an oncogenic Ras G12V mutation 9 . We obtained similar results using K-Ras (Supplementary Fig. 6 ), indicating that the effects of monoubiquitination on Ras are not isoform specific.
To verify that the differences between the enzymatic and chemical ubiquitination linkers (comprising seven bonds and five bonds, respectively) do not alter GAP-responsiveness, we placed an additional cysteine at the C terminus of ubiquitin (ubiquitin C77 ), thereby creating a linker one bond longer than the native linker. We measured the rate of GAP-mediated GTP hydrolysis and observed that the responses of Ras ligated to ubiquitin C77 and Ras ligated to ubiquitin G76C were identical (Fig. 5b) . These results indicate that variations in the linker length on this scale (one or two bonds) do not influence the sensitivity of mUbRas to GAP downregulation.
To validate the use of an in vitro system to dissect the mechanism of Ras regulation, we measured the sensitivity of mUbRas to GAP-mediated hydrolysis in a cellular reconstitution system. We immunoprecipitated Ras from HEK293T cells and compared the sensitivity of monoubiquitinated and unmodified Ras fractions to regulation by GAP. We found that monoubiquitinated K-Ras is less npg a r t i c l e s sensitive than the unmodified protein to GAP-mediated GTP hydrolysis (Fig. 5c) . These data support our in vitro findings that monoubiquitination increases the population of active, GTP-bound Ras through a defect in sensitivity to GAP-mediated regulation.
To determine whether the reduced response to regulators is due to a change in binding affinity for mUbRas, we first measured the extent to which monoubiquitination disrupts the interaction between Ras and Sos cat (Fig. 5d) . Results from these analyses indicated that the binding affinity between mUbRas and Sos cat is 8.3 ± 0.9 µM, which is half the observed binding affinity between Ras and Sos cat (4.2 ± 0.4 µM), consistent with the small reduction in the rate of GDP dissociation observed. However, a decrease in the rate of GDP dissociation would favor the GDP-bound state of Ras. Thus, the minor differences in GEF binding do not account for the accumulation of GTP-bound Ras in vivo.
To determine whether ubiquitination also leads to a reduction in GAP binding affinity, we compared the ability of Ras and mUbRas to bind to NF1 333 in the presence of GDP and AlF 4 − , a transition-state analog. We found that almost 100% of NF1 333 bound to Ras (Fig. 5e) , which was present in slight excess. In contrast, ~50% of the NF1 333 bound to mUbRas under the same conditions (Fig. 5f) , which suggests that the binding affinity of mUbRas to GAP is lower than that of unmodified Ras. Although monoubiquitination affects both GEF-and GAP-mediated activity, the GAP defect has a greater influence on the npg a r t i c l e s enzyme kinetics and, as such, is predicted to have a dominant effect on the contribution to GTP-bound Ras. These data were supported by kinetic models of the respective GEF and GAP defects ( Supplementary  Fig. 7) . Taken together, our data reveal a substantial reduction in GAP activity as a consequence of Ras monoubiquitination, which accounts for the accumulation of activated Ras in vivo.
Modifying Ras with PDZ2 impairs GAP-mediated hydrolysis
Our computational and NMR data suggest that ubiquitin does not form a specific, high-affinity interaction with Ras. If this observation is correct, then modification of Ras with any protein similar to ubiquitin should also impair GAP-mediated hydrolysis. To test this model, we chemically ligated Ras to PDZ2, a 9-kDa protein with a ubiquitin-like fold but no obvious sequence similarity to ubiquitin, generating RasPDZ2 (ref. 37) . We replaced the unstructured C-terminal extension of PDZ2, defined as the region after the folded domain ends in the crystal structure, with that of ubiquitin (PDZ2 UL ); therefore, all differences between PDZ2 UL and ubiquitin are contained in the folded regions of the two proteins.
Modeling of PDZ2 UL on Ras showed that PDZ2 UL adopts a similar spread of possible conformations to ubiquitin (Fig. 6a,b) , suggesting that PDZ2 UL could have an impact on Ras activity that is comparable to that of ubiquitin ligation. Ras and RasPDZ2 UL had identical melting temperatures (Fig. 6c) , indicating that neither ubiquitination nor PDZ2 UL ligation substantially alters the thermal stability of Ras. Similarly to ubiquitination, PDZ2 UL ligation did not alter intrinsic Ras-nucleotide dissociation rates, and GEF-mediated dissociation was reduced to the same extent as for mUbRas (Fig. 6d) . Finally, RasPDZ2 UL retained intrinsic GTP hydrolysis activity but was insensitive to GAP-mediated GTP hydrolysis (Fig. 6e) . These data indicate that nonspecific interactions between Ras and ubiquitin are responsible for the insensitivity of mUbRas to GAPs.
The effect of ubiquitination is site specific Finally, although the GAP insensitivity of modified Ras is not specific to ubiquitin, it could be specific to modification at position 147. To address this possibility, we chose two other lysines on Ras that were not identified as sites of monoubiquitination in the MS screen of monoubiquitinated K-Ras 15 . We chose position 88 because it is near the switch regions of Ras, similar to position 147, and could have a similar effect as monoubiquitination at position 147. We chose position 101 because the side chain is oriented toward the opposite face of Ras, and its monoubiquitination would probably be less disruptive to the Ras active site and switch regions than monoubiquitination at position 147 (Fig. 7a) .
Using our Rosetta models, we found that monoubiquitination of Ras at position 88 or 101 does not cause steric clashes with GAP-334, similar to monoubiquitination at position 147 ( Supplementary  Fig. 8 ). To determine whether monoubiquitination at position 88 or 101 could affect GAP-mediated regulation, we substituted each of these residues with cysteine, modified them with ubiquitin G76C and measured the effect of ubiquitination on intrinsic and GAPmediated GTP hydrolysis. We found that ubiquitination at position 88 or 101 of Ras did not affect the intrinsic or GAP-mediated rate of GTP hydrolysis (Fig. 7b) . Only monoubiquitination at position 147 impaired GAP-mediated hydrolysis, indicating that the outcome of monoubiquitination is site specific.
In summary, we have used a combination of biochemical, structural and computational approaches to uncover the mechanism of Ras regulation by monoubiquitination. Our data indicate that ubiquitination activates Ras by impairing the catalytic efficiency of RasGAPs. Furthermore, the most commonly ubiquitinated position in vivo, position 147, is the only lysine tested whose ubiquitination impairs GAP-mediated hydrolysis. More broadly, our findings reveal how monoubiquitination promotes sustained signaling and cell transformation.
DISCUSSION
It was established recently that monoubiquitination increases the proportion of activated (GTP-bound) Ras, that monoubiquitination enhances association with the downstream effectors Raf and PI3 kinase, and that mutation of the primary site of monoubiquitination impairs oncogenic Ras-mediated tumorigenesis 15 . Here, we show that monoubiquitination decreases the sensitivity of Ras to GAP-mediated hydrolysis. We were able to easily generate mUbRas, modified at a single site, in a form suitable for detailed biophysical studies. This chemical ligation strategy is likely to be useful for the study of other monoubiquitinated proteins. Notably, monoubiquitination did not alter the intrinsic activity of Ras, despite the size of the modification. Our modeling and NMR analyses indicate that ubiquitin dynamically samples a broad surface area of Ras that alters switch-region dynamics. These results led us to examine the effect of monoubiquitination on the interaction of Ras with its cognate GEF and GAPs, which also target the switch domains. The analysis revealed that monoubiquitination abrogates GAP-mediated GTP hydrolysis. All other activities, including the ability to bind regulators, were largely preserved, and our kinetic modeling suggests that the GAP defect will dominate. Furthermore, this outcome was specific to monoubiquitination at position 147; thus, our work establishes a previously unknown mode of Ras activation, in which signaling is sustained even in the absence of hormone stimulus or oncogene mutation.
It will be interesting to determine how monoubiquitination affects other signaling proteins, including other GTPases in the Ras family. Known targets of monoubiquitination include K-Ras 15 , H-Ras and N-Ras 11 . Monoubiquitination is also known to disrupt interactions of the small Ras-related GTPase Rap2A with effector proteins and to inhibit the ability of Rap2A to promote dendrite development 12 . Monoubiquitination has also been observed in the small GTPase Rac1, although the biological consequences of this modification are not yet known 13, 14 . Our chemical ligation strategy and multidimensional approach will be useful for the study of these targets, particularly in cases for which the relevant ubiquitin ligase has not been identified.
Another question concerns the role of the preferred site of monoubiquitination-Lys147 (ref. 15) . Whereas ubiquitination of this site has severe consequences for GAP function, targeted ubiquitination of npg two other candidate sites left GAP-mediated hydrolysis unperturbed. Lys147 is part of the SAX motif, which is involved in nucleotide binding, and a lysine at the third position in this motif is conserved in Ras proteins across species and in other Ras-family GTPases including RhoA, RhoB, RhoC, Rap, Ral, Rab, Rheb and Ran 38 . It has been shown previously that mutation of the highly conserved adjoining residue, Ala146, leads to enhanced GDP exchange, GTP loading and cellular transformation 29, 30, 39 . In contrast, we have shown that mutation of Lys147 itself has little effect on nucleotide binding or regulatormediated activity. We speculate that the lysine has been conserved to allow regulation through monoubiquitination. It will be interesting to determine whether other members of the Ras subfamily are also ubiquitinated at this position and whether ubiquitination in such cases leads to sustained activation.
We have demonstrated that monoubiquitination of Ras impedes the function of GAPs. Key to our analysis was the ability to generate monoubiquitinated protein, modified at a single residue and suitable for biophysical analysis. Through multidisciplinary computational, structural and biochemical approaches, we identified a previously unknown mechanism of Ras activation that is independent of any oncogenic mutation and sustained receptor stimulus. Given the established importance of Ras in the control of cell growth and differentiation, our findings may reveal opportunities for developing new pharmaceuticals that target the ubiquitination machinery.
METhODS
Methods and any associated references are available in the online version of the paper.
